The pro-apoptotic and inhibitory effects of the aflavin-3,3′-digallate (TFDG), which is the typical pigment in black tea, have been demonstrated in many cancer cell lines. However, TFDG is not stable in general culture conditions. So, to what extent TFDG or which degradation products of TFDG play an antitumor role is still unclear. In this study, we evaluated the effect of different treatments of TFDG on HCT116 cells. Compared with the control, both TFDG and O-TFDG (the TFDG that was pre-incubated in an incubator at 37°C for 3 hbefore adding into 96-well plates) significantly inhibited HCT116 cell growth. However, pre-treated TFDG was far better than TFDG. The IC50 values of TFDG and O-TFDG-3 were 17.26 μM and 8.98 μM, respectively (the cells were treated by O-TFDG for only 3 h, after which the media were replaced by fresh media for another 69 h incubation). Cell-cycle analysis revealed that 20 μM of O-TFDG and O-TFDG-3 caused cellcycle arrest at G2 phase in HCT116 cells. Western blot analysis also demonstrated that the antiinflammatory effect of O-TFDG-3 is stronger than that of TFDG by decreasing COX-2 and iNOS. On the other hand, O-TFDG induced HCT116 cells apoptosis mainly by increasing the expression of p53, p21, and cleaved caspase-3. The current study demonstrated that O-TFDG had a higher inhibitory effect on HCT116 cells than TFDG, and sowe may inferfromthis that the degradation products of TFDG play a key role against tumors.
It has been documented that p53 is mutated in approximately 50% of all human tumors [7] , and loss of normal p53 function is involved in heredity [8] . TFs could induce apoptosis of p53 mutated breast cancer cells by activing the Fas death receptor/caspase-8 pathway and inhibiting the pAkt/pBad cell survival pathway [9] . TFs could also inhibit human breast cancer cell migration by activating the p53/ ROS/p38MAPK positive feedback loop that hinders NF-κB/p65 via the p53-ROS feedback loop to finally inhibit pro-migratory enzymes MMP-2 and MMP-9 [10] . Phospho-ERK1/2 and phospho-MEK1/2 are pivotal signaling proteins in the Ras-activated signal transduction pathway. TFDG could cause a rapid and sustained decrease in phospho-ERK1/2 and -MEK1/2 protein expression. The inhibitory effect of TFDG was more rapid than (-)-epigallocatechin-3-gallate (EGCG). TFDG could potently decrease levels of Raf-1 protein, which is a serine/threonine protein kinase directly upstream of MEK1/2 [11, 12] . In addition, Raf-1 is a protein complex consisting of heatshock protein 90 (hsp90) and p50 [13] . TFDG might promote degradation of the Raf-1-hsp90 complex. Finally, these mechanisms lead to a decrease in phospho-MEK1 and phospho-ERK1/2 levels, and inhibit the signal transduction to the nucleus [12] .
TFs could also play a role against tumors by inhibiting the reactivity of related enzymes. 5α-reductase can convert testosterone into dihydrotestoterone (DHT), which subsequently binds to the androgen receptor (AR) (a ligand-dependent transcriptional factor), contributing to prostate cancer development and progression [14] . TFDG could inhibit 5α-reductase by interacting with the NADPH binding site [15] . The aromatase plays an important role in the growth of hormone-dependent breast carcinoma by transforming androstenedione into estrone. Theaflavins significantly inhibit aromatase activities of human placental and rat ovarian tissue. In addition, theaflavins decrease antioxidant MnSOD and increase pro-oxidant proline oxidase in Wt-p53 MCF-7 cells, but the same change has not been observed in mutant p53-containing MDAMB-231 cells and p53-knock-out MCF-7 cells. This clearly suggests that theaflavins maintain the balance between proand antioxidant enzymes in a p53-dependent manner to generate ROS in MCF-7 cells [10] .
Although TFDG is a good antitumor agent, few researchers have considered the instability of TFDG in the course of antineoplastic experiments to date. Due to the molecular nature of TFDG, it degrades rapidly within a short time under general experimental conditions [16] . Nevertheless, the duration of almost all the experiments using TFDG against tumors in vitro and in vivo was over 24 hours. Thus, the contribution of parent TFDG and/or its degradation products toward its anticancer effects have not been quantified until now. In the present study, we studied the effect of different treatments of TFDG on HCT116 cell line.
Materials and methods

Cell lines and treatments
Theaflavins (purity ≥20%) were purchased from Hangzhou Easily Biotechnology Co. Ltd (Hangzhou, China). Human colon cancer cells HCT116 were obtained from American Type Cell Collection (ATCC, Manassas, VA). HCT116 cells were maintained in RPMI 1640 media (ATCC) supplemented with 5% fetal bovine serum (Mediatech, Herndon, VA), 100 U/ml of penicillin, and 100 μg/ml streptomycin (Sigma-Aldrich). The cells were cultured in a 5% CO 2 -95% air humidified atmosphere at 37°C. Antibodies for cyclin D1, cyclin E, COX-2, iNOS, cleaved caspase-3, and β-actin were obtained from Santa Cruz Biotechnology (Santa Cruz Biotechnology, CA); p21, p53 primary antibodies were purchased from Cell Signaling Technology (Beverly, MA). All chemicals were purchased from Fisher Scientific, unless otherwise specified. HCT116 cells were used within 3-30 passages.
Preparation of TFDG
Preparation of TFDG was carried out according to our previous study with slight modifications. Briefly, theaflavins (5 g) were subjected to resin NKA-9 column chromatography (60 × 3 cm) with 30% ethanol and 60% ethanol, respectively. The 60% ethanol elution was concentrated (1 g) and further purified by polyamide (80-120 mesh) column chromatography (40 × 2 cm) with chloroform:acetone:methanol (5:5:3) to yield TFDG (100 mg) as a yellow amorphous powder. The HPLC chromatogram of TFDG is shown in Figure 1 , and the purity of TFDG was found to be over 95%.
Stability of TFDG in the media
To assess the stability of TFDG in cell-culture conditions, TFDG was added to 50 ml of RPMI media at a final concentration of 50 μM in triplicate and incubated at 37°C. A 0.5 ml sample was taken every 30 min for 3 h. Samples were extracted immediately with an equal volume of ethyl acetate, and this was repeated three times. Ethyl acetate layer was collected, and the solvent was evaporated through a rotary vacuum evaporator. The sample was then dissolved using 0.5 ml of methanol. All sample solutions were filtered through a 0.45 μm filter for HPLC analysis. All chromatographic analyses were carried out on an HPLC-UVD system consisting of a C18 column (5 μm, 150 mm × 4.6 mm diameter). The column temperature was set at 40°C. Binary gradient elution was carried out using mobile phases consisting of 2% (v/v) acetic acid in water (Solvent A) and acetonitrile/ethyl acetate (ratio 7:1 v/v) (Solvent B). The flow rate was maintained at 1 ml/min. Separations were performed for 35 min using the following linear gradient: 82% A at 0 min, 70% A at 26 min, and 82% A from 30 to 35 min. The injection volume and UV detection wavelength were 10 μl and 280 nm, respectively.
Cell-viability analysis
Cell viability was assessed using a variation of the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenytetrazolium bromide (MTT, Sigma-Aldrich) assay. HCT116 cells were seeded into 96-well plates (2 × 10 3 cells/well). After 24 h of incubation at 37°C, the cells were treated with four conditions of TFDG. First, the cells were treated with different concentrations of TFDG (TFDG, 5-30 μM) for 72 h.
Second, the cells were treated with different concentrations of pre-treated TFDG (O-TFDG) for 72 h. The concentration of O-TFDG was expressed in TFDG equivalents. Third, the cells were treated by TFDG for only 3 h, after which the media were replaced by fresh media for another 69 h incubation (TFDG-3). Fourth, the cells were treated by O-TFDG for only 3 h, after which the media were replaced by fresh media for another 69 h of incubation (O-TFDG-3). After 72 h, the number of viable cells compared with the control were detected using MTT assay. The treatment media were changed with 100 μl of fresh media containing 0.5 mg/ml of MTT and incubated for 1.5 h. The media were replaced again by 100 μl of DMSO. After gentle shaking, the optical density (OD) was measured at 570 nm using a microplate reader (Elx800 absorbance microplate reader, BioTek Instruments, Inc., Winooski, VT). The cell viability of TFDG-treated cells was normalized to vehicle-treated controls. The inhibition rate was calculated as (1 -OD value of treated cell / OD value of control cell) ×100%.
Cell-cycle analysis
A cell cycle analysis was performed according to our previous study with slight modifications [17] . Briefly, HCT116 cells were seeded into six-well plates (2 × 10 4 cells/ml, 2 ml for each well). On the second day, the media were changed, and cells were treated with different concentrations of TFDG and O-TFDG (12.5 and 20 μM). After treatment for 48 h, the cells in the media were collected and fixed in 70% ethanol at −20°C overnight and centrifuged at 4000 rpm for 2 min. Cells were washed twice with ice-cold phosphate-buffered saline (PBS). Samples were stained with propidium iodide (PI, 70 μM) solution containing RNase A (1 mg/ml) in a dark room for 15 min at room temperature, and the cell cycle was analyzed using flow cytometry. For each determination, a minimum of 10,000 cells was counted.
Apoptosis analysis
The cells were seeded and treated as described in the sextion 'Cell-cycle analysis'. All cells (both attached and floaters) were harvested on the ice. The harvested cells were stained with Annexin V-FITC in Annexin V staining buffer for 15 min at room temperature and counterstained with PI. Annexin V-FITC measured the translocation of phosphatidylinositol from the inner to the outer cell membrane during early apoptosis, and PI was allowed to enter the cells in late apoptosis or necrosis. Untreated cells were used as a control for the double staining. The cells were analyzed immediately by flow cytometry. For each determination, at least 10,000 cells were analyzed.
Western blot analysis
Analysis of protein levels was carried out using Western blot. Cell lysates were prepared as described previously [17] . Briefly, HCT116 cells were seeded in 9.6 cm culture dishes (5 × 10 4 cells/ml, 12 ml for each dish). After 24 h, cells were treated with different treatments of TFDG at the concentrations of 20 and 30 μM. After another 48 h, the media were removed, and cells were washed with icecold PBS. Cells were then harvested by adding 50 μl of radioimmunoprecipitation assay buffer containing protease inhibitor 4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride (AEBSF, 50 mM), phosphatase inhibitor 1 (imidazole sodium fluoride, sodium molybdate, sodium orthovanadate, sodium pyrophosphate tartrate) (1:100), and phosphatase inhibitor 2 (sodium fluoride, sodium orthovanadate, sodium pyrophosphate, β-glycerophosphate) (1:100) (Boston Bioproducts, Ashland, MA). After sonication and centrifugation, supernatants were collected. The protein concentration was detected by the BCA protein assay (Pierce, Rockford, IL). Fifty micrograms of cellular protein was loaded onto 12% sodium dodecyl sulfate-polyacrylamide gels (SDS-PAGE). The separated protein was transferred onto a nitrocellulose membrane (NEN Life Science Products, Boston, MA). After blocking, the membranes were incubated overnight at 4℃ with different primary antibodies in the dark. After incubation with the secondary antibody (Cell Signaling Technology, Inc.) for 2 h, the detection procedure of the proteins bands was carried out with enhanced chemiluminescence measurements (Boston Bioproducts) and according to the manufacturer's instructions. β-Actin was used as a housekeeping protein. Each experiment was repeated three times.
Statistical analysis
Experimental values are shown as mean ± SD for triplicate experiments. The statistical significance of the mean difference was analyzed using Student's two-tailed t-test. A one-way analysis of variance (ANOVA) with Bonferroni's multiple-comparison tests was used when more than two groups' differences were compared. A significance level of p < 0.05 was considered statistically significant.
Results
Stability of TFDG in the media
The factors influencing the stability of polyphenol in cell culture media mainly include the initial concentration of polyphenol, temperature, the presence of metal ions, and the pH value, and pH is possibly the most critical determinant [18] . As with EGCG, TFDG is relatively stable in acidic solutions. However, it is also highly susceptible to degradation in near-neutral or alkaline solution due to the higher number of hydrogen-bond donating hydroxyl groups, leading to further polymerization and decomposition [19] . Theaflavins are more susceptible to degradation than catechins [16] . The stability profiles of TFDG in the media at 37℃ are shown in Figure 2 . TFDG decreased rapidly within 3 h.
Different treatments of TFDG inhibited cell viability of HCT116 cells
MTT assays were carried out to examine the effect of different treatments of TFDG on the viability of HCT116 cells. The results showed that different treatments of TFDG inhibited the cell viability of HCT116 cells (Figure 3(b) ). The IC 50 (50% inhibition of cell growth) values were obtained by conducting a conventional WST-1 assay [20] . As shown in Figure 3 (Figure 3(a) ). Being consistent with previous reports, TFDG exerts its growth-inhibitory effects against HCT116 cells in a dose-and time-dependent manner. However, no time-dependent inhibitory effect of O-TFDG on HCT116 cells was observed. This could be due to the fact that O-TFDG-3 had a stronger growth inhibition on HCT116 cells than that of O-TFDG, even though this difference did not reach statistical significance.
Different treatments of TFDG caused cell-cycle arrest in HCT116 cells
Cell-cycle regulation is crucial in the control of cell proliferation and deregulation which cause tumorigenesis [21] . Loss of cell-cycle regulation causes abnormal growth of defective cells, resulting in tumorigenesis. Therefore, cell-cycle blockade is regarded as an effective strategy for eliminating cancer cells. As shown in Figure 4 (b), TFDG slightly affected the cell cycle of HCT116 cells when the concentration of TFDG was less than 20 μM, whereas O-TFDG could markedly cause cell-cycle arrest at G2 at the expense of the S phase compared with the control. We also found O-TFDG induced G2 phase cell-cycle arrest in a dose-dependent but not time-dependent manner (Figure 4(b) ), because the effect of O-TFDG-3 was better than that of O-TFDG, although the statistical difference is not obvious. Taken together, the inhibitory effect of O-TFDG against proliferation of HCT116 cells was . Data are presented as means ± SD (n = 3).
higher than that of TFDG, which might be related to G2 phase cell-cycle arrest.
O-TFDG increases apoptosis in HCT116 cells
To determine if the loss of viability induced by different treatments of TFDG was due to apoptosis, we detected apoptosis in HCT116 cells using a flow cytometer after Annexin V-FITC/PI staining, which allows quantification of live and dead-apoptotic cells. Concentration dependence for HCT116 cells apoptosis was observed after treatment with O-TFDG for 48 h (p < 0.05) ( Figure 5(a,b) ). Conversely, TFDG with the same dose (i.e. 12.5 and 20 μM) had a slight effect on HCT116 cells, which was consistent with cell-growth inhibition. The apoptotic cells increased from 2.3% to 9.5% when the concentration of O-TFDG-3 increased from 12.5 to 20 μM. Compared with TFDG at the same concentration, the number of apoptotic cells induced by 20 μM of O-TFDG and O-TFDG-3 increased by about four-and eightfold, respectively. Interestingly, there was no time dependence under the same conditions, since 3 h treatment with O-TFDG (O-TFDG-3) was strikingly better than 48 h treatment when the concentration of O-TFDG was 20 μM (the pro-apoptotic effect of O-TFDG treatment on HCT116 cells at 3 h persisted even after a media shift for 45 h). It was also found that O-TFDG induced apoptosis of HCT116 cells mainly appeared within the first 3 hours of treatment, which might be the major pathway for the inhibitory effect of O-TFDG against HCT116 cells.
Effect of different treatments of TFDG on expression of several proteins in HCT116
In order to elucidate the molecular mechanism associated with cell-cycle arrest and apoptosis, cells were treated with different treatments of TFDG (20 and 30 μM) for 48 h, and cell lysates were analyzed by Western blot using antibodies in HCT116 cells. As shown in Figure 6 (a,c), p53, p21, cleaved caspase-3, and cyclin D1 were dramatically increased after HCT116 cells were exposed to O-TFDG compared with TFDG. At the same time, the expression of cyclin E was decreased following O-TFDG treatment in a dose-dependent manner. On the other hand, O-TFDG can also inhibit the expression of COX-2, iNOS, and ERK1/2 (Figure6(e)), even though the statistical significance is not obvious due to relatively low concentrations. Interestingly, 3 h treatment with O-TFDG significantly induced overexpression of p21, cleaved caspase-3, and cyclin E in HCT116 compared with both control and 48 h treatment, which was closely associated with O-TFDG-3 induced antiproliferation and apoptosis. This might partially explain why O-TFDG-3 had a better inhibitory effect on HCT116 than that of TFDG and O-TFDG.
Discussion
Numerous investigations have indicated that TFDG is a remarkable chemopreventive and chemotherapeutic agent against various cell lines [22, 23] . However, TFDG will be quick to completely disappear in physiological conditions, so we speculated that antitumor of TFDG is not completely from TFDG itself. Oxidation products, by-products, and even the intermediates of TFDG might play an important role. Therefore, we investigated the effect of different treatments of TFDG on the HCT116 cell line. In the TFDG-3 groups, TFDG was considered to play a major role in the course of anticancer, whereas in the O-TFDG groups, TFDG was totally ineffective due to the lack of parent TFDG. In this study, we have shown that O-TFDG had a stronger inhibitory effect on HCT116 compared with TFDG, which is consistent with the results from cell cycle and apoptosis analysis. On the other hand, our results revealed that the antineoplastic and pro-apoptotic effect of O-TFDG was not time-dependent, which was different from TFDG, because the increase in the number of dead cells persisted or even more after treatedmedia removal for the next 21 h. Chemotherapy-induced inhibitory effect and cellcycle arrest is usually a prerequisite to the demise of cancer cells. Previous studies showed that the effect of TFs on cell-cycle arrest is still controversial, some reports indicated that TFs can arrest the cell cycle at the G1 phase [24] , and others revealed that TFs can induce cell-cycle arrest at the G2 phase [5] . One possible reason is that TFs possess different mechanisms for different cell lines.
The cyclins were named due to the cell-cycle-dependent pattern of expression. They can regulate DNA replication and cell division by activating corresponding cyclin-dependent kinases (CDKs) [25] . Cyclin E can activate CDK2 by the phosphorylation of retinoblastoma protein (Rb), and then promote the release of E2F transcription factors and progression of the cell cycle from the G1 to S phase [26] . Thus, we cannot explain why TFDG can downregulate cyclin E, but induce cell-cycle arrest at G2. Cyclin B1 can cause cell-cycle arrest at the G2 phase, but unfortunately both TFDG and O-TFDG had no effect on this protein (data not shown). p21 with 165 amino acid belongs to the Cip and Kip family of CDK inhibitors, which can directly inhibit the activity of the CDK-cyclin complex.
Our data showed that O-TFDG significantly increased p21 levels compared with TFDG, which may be the main reason why O-TFDG had a stronger capacity to cause cell-cycle arrest at G2 than that of TFDG. In addition, Long et al. [27] demonstrated that pyrogallol-type compounds decompose in cell-culture media to generate significant amounts of ROS (such as H 2 O 2 ), which initiate signal transduction pathways that are closely related to G2 cell-cycle arrest. The tumor suppressor protein p53 is known not only to mediate cell-cycle arrest [28] but also to induce cancer cell apoptosis, which is crucial for effective antitumor. It has been shown that p53 triggers apoptosis by inducing mitochondrial outer membrane permeabilization through transcriptiondependent and -independent mechanisms [29] . On the other hand, p53 itself may translocate to the mitochondria, directly permeabilizing the outer membrane and causing cytochrome c release by forming complexes with the pro-apoptotic Bcl-2 family proteins and inducing transcription-independent activation of Bax and caspase-8 [30] . Our results revealed that O-TFDG significantly increased p53 levels, but TFDG with the same concentration had little effect on p53, which might be the main reason why O-TFDG had a higher capacity in inducing apoptosis than that of TFDG. Cleaved caspase-3 (C-C-3) is another key mediator of apoptosis. Our studies showed that O-TFDG greatly enhanced the expression of C-C-3 compared with TFDG. However, both had little effect on C-PARP and pro-apoptotic Bax proteins (data not shown). Taken together, it is C-C-3 and p53 pathway by which O-TFDG might induce apoptosis of HCT116 cells. However, the precise mechanism needs to be confirmed by further studies.
Activation of the MAPK extracellular signal-regulated protein kinase (ERK) 1 and 2 generally results in increased cell proliferation and protects cells from apoptosis [31] . Our studies demonstrated that O-TFDG might also induce HCT116 cell apoptosis by decreasing expression of ERK1/2 when the concentration of O-TFDG is >30 μM.
In addition, oxidation reactions and chronic inflammation stimulate cancer cell proliferation and metastasis during the development of tumors [32] . It is now evident that NO plays key roles in regulating the activity of intracellular proteins activating oncogenes, inhibiting tumor suppressor genes to contribute to tumor angiogenesis and invasiveness in human colorectal cancer cells [33] , which is produced by inducible nitric oxide synthase (iNOS). Furthermore, NO can also enhance the activity of another proinflammatory enzyme, cyclooxygenase-2 (COX-2) [34] , which is upregulated by inflammatory stimuli, such as mitogens, tumor promoters, cytokines, and growth factors [35, 36] . Overexpression of protein COX-2 was found in approximately 50% of adenomas and 85% of adenocarcinomas [37] and is associated with worse survival among CRC patients [38] , so we speculate that O-TFDG might exert some of their anti-inflammatory and antitumor effects by inhibiting iNOS and COX-2 expression.
In conclusion, the current study demonstrated that O-TFDG had a stronger inhibitory effect on HCT116 cells than TFDG, so we may infer that the degradation products of TFDG play a key role against tumors, especially by-products, such as ROS. It is easy to understand that O-TFDG-3 had a better effect than TFDG-3, because pre-treated TFDG can induce numerous ROS, and the media were replaced with fresh media after only 3 h treatment. However, it is still hard to explain why O-TFDG had a stronger inhibition on HCT116 than parent TFDG, since TFDG have enough time to experience the completely similar process as O-TFDG when they were added into media following 72, 48, or even 24 h treatment. Thus, the only possible explanation is that, for TFDG groups, the cells had a certain time to protect themselves from ROS and/or other degradation metabolites of TFDG to some extent during generation. However, for O-TFDG groups, the cells had no time to respond when numerous ROS and/or other degradation metabolites of TFDG were added immediately. We had found that the same pre-treated EGCG has a similar effect to TFDG on HCT116 cells, so we can speculate that all the polyphenols might share the same mechanism of action on this cell line.
